The parametrically controlled production of CNTs (Carbon nanotubes) with predefined morphologies is a topical technological problem for modern nanoelectronics. The CVD (Chemical vapor deposition) technique for SWCNTs (Single walled carbon nanotubes) in the presence of various metal nanoparticle catalysts is generally used now. The application of a magnetically stimulated CVD process scheme and catalyst nanoparticles with a strong magnetism promises additional possibilities for the CVD process management and allows expecting a predictable growth of CNTs with set chiralities and diameters. The main attention is focused on the magnetically anisotropy Pt-Fe in L10 crystallographic phase nanoparticles effect research. The developed theoretical cluster approach based on the multiple scattering and effective medium approximation is used for simulation of fundamental electromagnetic properties in Pt-Fe L10-CNT interconnects, which are responsible for developing CNTs morphologies. The proposed model of "effective bonds" and the model of magnetic stimulation for growing CNTs morphologies generated on the Pt-Fe nanoparticle surface are applied for the evaluation of the expected CNT chiralities distribution. The model and conditions controlled magnetically, which stimulate CNT growth in the CVD process, aimed at the predictable SWCNT diameter and chirality and based on Pt-Fe L10 catalyst are discussed. The possibilities of CNT forest growing on FePt nanoparticles for magnetic nanomemory are also evaluated.
Introduction
CNTs (Carbon nanotubes) of various chiralities open new wide possibilities for modern nanoelectronics as promising candidates for nanointerconnects in a high-speed electronic nanosensoring and nanomemory devices [1] [2] [3] [4] [5] [6] [7] .
We focus our current study on the implementation of advanced simulation models for a proper description of the fundamental electromagnetic properties (electrical resistance, capacitances and impedances) in contacts between carbon nanotubes of different morphologies and metallic substrates of different nature. We also present the model of magnetically stimulated CNT growth for a special case of Fe-Pt metallic nanoparticles, which have unique magnetic properties. We expect that in the presence of magnetic field, the CNTs growth will be more determined from the point of view of possible CNTs morphologies. Moreover, the creation of a CNT forest based on Pt-Fe nanoparticles provides the possibilities to consider this kind of structure as the basic fragment of nanomemory devices,
D DAVID PUBLISHING
Memory Nanodevices Based on Carbon Nanotube-Fe-Pt Interconnects: Electromagnetic Simulations and Magnetically Stimulated Nanotube Growth 121 where information bits are located in nanoparticles and the CNT forest provides the necessary spin transport for reading and recording information.
Thus, in our simulations, we expect to reproduce not only a CNT forest with the predefined morphology but also to develop a prototype of a nanomemory device.
The adequate description of CNT chirality [2] is one of the key points for a proper simulation on electric properties of CNT-based nanoelectronic devices.
The further development of the cluster approach allowed us to formulate the "effective bonds" model [5] and to carry out a cycle of simulations on electromagnetic properties in various CNTs-and graphene (GNRs-graphene nanoribbons)-based metal interconnects (Me = Fe, Cu, Ag, Pt, Au, Pd, Ni) [3, 8] .
We consider that this model serves as a tool for understanding the process of CNT growth adequate to CVD (Chemical vapour deposition) process.
The main goal of the current research is to understand if there is a relationship between the use of magnetic catalysts and the CVD growth of CNTs, taking into account that most commonly used materials for the growth of CNTs are just Fe, Co and Ni nanoparticles. The nanoparticles of these catalysts are magnetically isotropic. The key question arises: What would happen if one used instead of Fe, Co, and Ni nanoparticles, magnetically anisotropic nanoparticles such as those in the alloy Fe-Pt? The anisotropy of Fe-Pt alloy is due to a spin-orbit coupling of Fe and Pt orbitals. This coupling takes place only if the alloy is formed of alternating planes of Fe and Pt. This particular structure is called L10. In this way, because of the different sizes of the atoms of Fe and Pt, the structure is crushed and atoms of Fe and Pt are close forming a centred tetragonal phase (fct). This approchement allows for the coupling and then the magnetic anisotropy with the magnetization axis perpendicular to such planes. It is essential in this case to find conditions to control the growing CNT chirality. We also should take into account a possible substitutional disorder of Fe x Pt 1-x alloy, when the stoichiometry number x becomes an additional parameter of CNT growth. No doubt, the diameter of the grown CNT is also an essential parameter, which is evidently pre-defined by the created nanoparticle diameter. But again, we should discuss some limitations in the creation of Fe-Pt nanoparticle sizes in connection with the Fe-Pt melting point. However, Fe-Pt nanoparticles demonstrate an extremely strong coercing field (about, for the phase fct in some special compositions and this promises definite hopes for the controlled CNT growth in the CVD process. We also consider the CVD process of CNT growth as a more predictable one from the point of view of the expected growing CNT parameters (diameter, chirality, morphology of SW or MW CNTs)).
Our experience with the nanotubes synthesis by means of the arc discharge brought about large doubts in the possibilities of CNTs growth control. The synthesis was carried out according to the parameters presented here: Current 90 A, Voltage ~ 18 ÷ 20 V DC, Vacuum ~ 2 × 10 -4 mbar, Gas: He, Work Pressure 600 mbar, arc duration ~ 15 min. Some filaments also exit from the outer wall of the cathode but in smaller quantities than found on the anode. The residue of the deposit formed on the upper part of the synthesis chamber was collected. It appeared to be quite little compared to other discharges with other catalyst (Figs. 1 and 2) .
The Fig. 2 shows that filaments are of different nature − some formats are created from these spheres and others have very fine structures of a few nanometers, probably single-walled nanotubes, covered by these spheres, partly or totally. The question is: What percentage of nanoparticles was originally made or how much iron and platinum and how this underwent a change, during the arc discharge process?
We also take into account the extremely marginal parameters of the Pt-Fe system: Pt has the melting point at T = 2,041.4 K (1,768. Memory Nanodevices Based on Carbon Nanotube-Fe-Pt Interconnects: Electromagnetic Simulations and Magnetically Stimulated Nanotube Growth
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There are four major crystal structure modifications for Fe: below 769 º C (Curie temperature) it is α-Fe (α-ferrite) with a body-centered cubic crystal structure and ferromagnetic properties. Ferrite above the critical temperature (769-917 º C) is beta-ferrite (β-Fe) where it is paramagnetic rather than ferromagnetic and it is crystallographically identical to α-Fe. Within the interval of 917-1,394 º C it is γ-Fe (austenite) with acicular cubic crystal structure. At temperatures between 1,394 º C and 1,538 º C, the body-centered cubic crystal structure is the more stable form of delta-ferrite (δ-Fe), the melting point 1,538 º C (1,811 K), and the boiling point at T = 3,273 K (3,000 º C).
Our earlier research proved that close to the arc the temperature ranges between 4,000-6,000 K and there is a subsequent rapid temperature gradient decrease with the distance from it. Filaments are found nearby the arc itself, more precisely, upstream of it. Taking into account the essentially non-steady character of the arc discharge process and very high working temperatures, the CNT growth control is practically impossible and CNT morphologies are non-predictable.
CNTs Growth in the Chemical Vapor Deposition Process Based on Metal Nanoparticles
The CVD is a highly versatile approach to producing nanotubes and is, perhaps, the most commonly published technique for nanotube growth often used to synthesize CNTs for commercial applications. The process involves decomposition of a carbonaceous precursor at high temperatures under oxygen-free conditions and reduced atmosphere to produce nanotubes.
The substrate needs to have catalyst nanoparticles providing the growth of CNTs. Nanoparticles can be composed of lots of different substances (usually, a metal like Fe, Co, Ni Co, Mo, Mn, Pd etc.) [13] . Catalyst metals mostly used for these purposes are listed in the following Table 1 .
It is necessary to emphasize that it will be possible to grow CNTs using a gas, both as a catalyst and as hydrocarbon. This approach yields MWNTs, whereas with gas-phase pyrolysis of acetylene using a metallocene yields SWNTs with diameters around 1 nm [15] . 
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CVD-produced CNTs are curved and have high amount of defects, mainly after the purification in the acid bath; it is needed to remove metal nanoparticles inside of tubes.
The main interests related to iron-containing nanoparticles are focused on their potential applications as high-quality magnetic materials. Thus, a new generation of iron-metal nanoparticles is studied to be used as a catalyst in growing CNTs, with a magnetic nanomaterial inside, making it possible to design a precise carbon nanomagnetic device for drug delivery diagnostics. For example, iron nanoparticles have been widely used as a catalyst for CVD synthesis of multiwalled carbon nanotubes [16] , while iron-molybdenum can act as a very efficient catalyst for the synthesis of either single-walled or multiwalled carbon nanotubes with the CVD method [17] [18] [19] [20] [21] [22] . To prevent the magnetic behaviour of these iron-nano-compounds, it is necessary to grow carbon nanotubes of nanocompounds below the Curie temperature. Typically, the growth temperature is around 600-700 º C at the atmospheric pressure [23] .
The potential applications of carbon nanotubes grown for semiconductor and sensor devices are presented for CMOS industrial applications [24] . The low-temperature growth of vertically aligned CNTs at high growth rates by a PTCVD (Photo-thermal chemical vapour deposition) technique using a Ti/Fe bilayer film as a catalyst is presented in reference [25] . The bulk growth temperature of the substrate is as low as 370 º C and the growth rate is up to 1.3 μm/min, at least eight times faster than the values reported by traditional thermal CVD methods. However, the problem of controlling the chirality of CNTs remains a pressing one. Among more effective catalysts, it is possible to distinguish Pt, Pd, Cu, Ag, Au, Si, SiC, Ge, Al 2 O 3 [25] in addition to the earlier investigated Mg, Ti, Cr, Mn, Fe, Co, Ni, Sn, Pb [27] [28] [29] .
Magnetically Stimulated CNTs CVD Growth on Fe-Pt Catalysts
Effective Bonds Model for Cnt-Pt-Fe Interconnects Electromagnetic Properties
We have developed structural models for CNT-Me and GNR-Me junctions, based on their precise atomistic structures − clusters, which take into account the CNT chirality effect and its influence on the interconnect resistance for Me (= Fe, Ni, Cu, Ag, Pd, Pt, Au) as well as the pre-defined CNT (or GNR) geometry. These atomistic structures are in compliance with the proposed "effective bonds" model. The "effective bonds" are responsible for mechanical, electronic, magnetic and electrical properties of interconnects. The common consideration of two marginal carbon structures (CNTs and GNRs) is induced by the similar technological problems in respect of these materials for the modern nanoelectronics. Our main interest in this particular case is focused entirely on CNT-Me interconnects, when the modelling of CNTs growth on metal surfaces is combined with the controlled electromagnetic properties in the interconnect area. To ensure a predictable interconnect morphology, the permanent magnetic field is used that accompanies the growth, and magnetic drops are used as growth catalysts that provide for the special composition of Fe-Pt with unique magnetic properties. The results of our simulations show that interconnects resistance and the number of effective bonds can be considered as indicators of chirality. Figs. 3-7 demonstrate the numbers of effective bonds via CNT diameters, chirality angles, CNT-Me interconnects resistances and impedances. It means that resistances and the number of effective bonds in the interconnect space are indicators of CNTs morphology.
CNT-Fe x Pt 1-x Interconnect Formation
There is a relation between the use of magnetic catalysts and the CVD growth of CNTs determining the most commonly used materials for the CNT growthFe, Co and Ni. The nanoparticles of the latter catalysts are magnetically isotropic. Magnetism of the particles-catalysts brings order into the process of CVD growth. Additional possibilities in controlling the process of CVD growth open up the ways to use magnetically anisotropic nanoparticles such as those in the alloys with a different substitutional disorder (e.g., Fe x Pt 1-x ), to manage the CVD process with the formation of the predefined CNT chiralities. Besides, the stimulation of the process by means of the external magnetic field activates magnetic moments of the catalyst and the deposited carbon atoms. This also means that we can control the number of effective bonds inside interconnects. We pay a special attention to Pt and Fe substrates as possible elements for nanoelectronic and nanomagnetic devices considering interconnects fundamental properties and magnetically stimulated nanoprocesses on Fe-Pt L1 0 nanoparticles [30] .
It means that resistances and the number of effective bonds in the interconnect space are indicators of CNTs morphology. 
Magnetic Properties of Fe-Pt Alloys.
The unique magnetic properties of Fe-Pt alloys -is an open field for research to correlate different CNT techniques in terms of the catalyst role in entirely different range of temperatures and pressures. Carbon nanotubes grow using bimetallic nanoparticles Fe-Pt as a catalyst [31] [32] [33] [34] . Since the mid-1930s Fe-Pt alloys have been known to exhibit high coercivities due to high magneto crystalline anisotropy of the L1 0 Fe-Pt phase but their high cost prevented these alloys from widespread applications in the past. In Fe-Pt alloys, both Fe and Pt atoms carry a magnetic moment: The induced magnetic moment on the Pt sites and the enhanced magnetic moment on the Fe sites. A wide variety of the magnetic structure types in the Fe-Pt alloys is evidently the consequence of various atomic configurations around Fe atoms, which, in turn, has a considerable effect on the electronic structure of these alloys (both Table 3 and Eutetic Phase Diagram of Fe-Pt alloy (http://www.himikatus.ru/art/phase-diagr1/Fe-Pt.php)).
To obtain the Fe-Pt alloy in L1 0 phase, we use a new chemical synthesis strategy reported in details in our previous works [31] [32] [33] [34] 6 ]·PtCl 6 and NaCl used. By varying the precursor ratio we are able to avoid the coalescence phenomena and obtain single crystal NPs with the size around 6 nm, not agglomerated. 
Magnetically Stimulated CNTs Growth with the Probabilistically Pre-Defined Morphology
The formation of the initial optimal perimeter for C-Metal (Fe-Pt) bonds is a synergetic process with a minimal free energy (Fig. 8) .
The nanoparticle diameter determines with a certain error the diameter of a CNT. The number of effective bonds defines the morphology of the future CNT (Fig. 9 , arm-chair, chiral, zig-zag CNTs,) in terms of chirality. Obviously, there is a considerable uncertainty in the morphology of the future CNTs, owing to sporadic thermal dynamics of the deposited carbon atoms.
According to our model, the process can be considerably streamlined using even minor Memory Nanodevices Based on Carbon Nanotube-Fe-Pt Interconnects: Electromagnetic Simulations and Magnetically Stimulated Nanotube Growth 128 diamagnetic properties of carbon atoms at the expense of magnetic field and strong induced ferromagnetism of the nanoparticle. It becomes evident that the nanoparticle composition Fe-Pt and its atomic structure (including the short-range order) play a primary role in the process of CNT growth stimulated by the magnetic field of CVD.
Nucleation in the process of CNT growth in cases of the ordered Fe-Pt nanoparticles is more stable and has principal advantages in relation to the controlled CNTs growth compared with the cases of any kind of anisotropic Fe-Pt nanocatalysts [35] . The availability of substitutional disorder and anisotropy in Fe-Pt nanodrops used for CNT CVD controlled growth is a negative factor for the Memory Nanodevices Based on Carbon Nanotube-Fe-Pt Interconnects: Electromagnetic Simulations and Magnetically Stimulated Nanotube Growth 129 production of CNTs with predictable morphologies. There are some essential negative features of disorder in Fe-Pt nanodrops for the CVD process:
C atoms chemical binding preferences (C-Fe bonds are stronger than C-Pt ones);
A higher structural anisotropy leads to higher relaxation times of a nanodrop structure [36] ;
Disordering effects in Fe-Pt lead to sporadic magnetization phenomena.
Thus, it is important to control the process of formation of nanodrop structures corresponding to L1 0 (Fe-Pt) and L1 2 (Fe 3 Pt) systems with reliable magnetism and adequate cooling rates, when relaxation processes in nanodrops are accomplished.
Model of CVD CNT Growth
Magnetically stimulated CNT CVD model formulation looks as follows (Figs. 8 and 9):
Effective bonds are responsible for the future chirality of CNT in the CVD processes.
The permanent magnetic field provides the alignment of CVD growth.
The binding with the Fe-Pt nanoparticle has a probabilistic character; the probability of binding of C atoms with Fe atoms is preferable as compared to Pt atoms.
The composition of Fe-Pt atoms in a nanoparticle and the atomic structure ordering are essential for chirality of the obtained CNTs.
The diameter of the future CNT is correlated with the nanoparticle size.
The direction of the magnetic field stabilizes the direction of CNT forest growth and is a tool of the growth control.
The ordering of a nanoparticle atomic structure, as well as a substitutional disorder or arbitrary disorder of a nanoparticle, is responsible for the magnetic state of the nanoparticle, which is essential for the possible future nanomemory devices.
Even a very strong magnetic field is not able to suppress thermal fluctuations of magnetic moments in carbon atoms. It is a different thing, when carbon diamagnetic atoms appear on the surface of a catalyst in the ferromagnetic condition where magnetism induced by the external field can be very strong and is able to correct the behaviour of carbon atoms by suppressing thermal fluctuations. At the same time, the growth control over chiral and non-chiral nanotubes essentially depends on stoichiometric composition of Pt-Fe nanoparticles. The beginning of the nucleation process with the growth of nanotubes might be connected with stochastic fluctuations of the magnetic moment in a carbon atom relative to the direction of the local magnetic field in a nanoparticle. Distribution of the fluctuation angle obeys the Gaussian law:
Where, 2 σ is the angular dispersion of thermal fluctuations of the magnetic moment angle of a carbon atom. To evaluate this dispersion, the potential energy change of the magnetic moment under the influence of the thermal energy should be evaluated: 
Taking into consideration one of the main problems of the nanotubes growth control -the chirality control -it is necessary to seek for the small fluctuation angle θ . Then
The condition of the small fluctuation angle We are also able to evaluate the necessary value of the magnetic field B providing the expected chirality angles scattering, e.g. Thus, the errors in the diameter of growing CNTs are incorporated in discrete morphological properties. However, these minimum estimates are only reinforced, given the obvious errors in the size of catalyst nanoparticles are taken into consideration.
Magnetoresistance Phenomenon for Nanomemory Devices
The GMR (Giant magnetoresistance) was discovered in 1988 as a large change in resistance of Memory Nanodevices Based on Carbon Nanotube-Fe-Pt Interconnects: Electromagnetic Simulations and Magnetically Stimulated Nanotube Growth 131 magnetic Fe/Cr multilayer in the presence of an applied magnetic field [37] . Soon after GMR was discovered in Fe/Cr/Fe trilayers [38] . As it was shown later, the effect can be obtained in trilayers having other magnetic materials such as Co [39] .
Such trilayer structures, i.e. sandwiches of two ferromagnetic metals separated by a thin spacer layer of normal metal (Fig. 11) are of great industrial importance. They are called spin-valves and are used as magnetic field sensors. The resistance of the device is dependent on the relative magnetization orientation of the ferromagnets. R p is the resistance when the magnetizations are parallel and R A is the resistance whe they are antiparallel. The GMR ratio is defined as
TMR (Tunnelling magneto resistance) was discovered in 1975 by M. Jullière [40] in a device that consisted of two Fe films separated by Ge. It was first in 1995 when room temperature TMR was discovered by J. S. Moodera [41] and caused a great interest in spintronics after GMR was discovered in 1988 [37] . Our idea is that the same effect can be reached by introducing into the N space semiconductor CNTs.
The TMR signal operates in the same way as the GMR:
where, R P (= 1/G P ) and R A (= 1/G A ) are the resistances (conductances) of the device for parallel and antiparallel orientations respectively of the ferromagnets magnetization. However, the nature of TMR is different than that of the GMR.
The resistance for the antiparallel magnetization is normally higher than for the parallel one. At the applied zero magnetic field, the relative orientation of the magnetization is governed by the exchange coupling between the ferromagnetic layers. The sign and size of the interlayer exchange coupling is dependent on the thickness of the nonmagnetic spacer. The coupling can thus be ferromagnetic and antiferromagnetic dependent on the spacer thickness [42, 43] .
The device shown in Fig. 12 is the so-called CPP (Current perpendicular to the plane) geometry. The resistance of such geometry is very low and difficult to detect. For practical applications, structures with the CIP (Current in the plane) are used because they have higher resistance and thus higher difference with the magnetic field [39] .
The GMR can be understood through the Mott's two-current model [44] . According to that model, the electrical conductivity of metal can be described by two more or less independent channels, one for majority spins and the other for minority spins. Scattering processes that conserve spin states are much more probable than the processes t hat flip spins.
Another view proposed by Mott is that the scattering probability of spin up and spin down is quite different, independent on the nature of the scattering process [45] . This is shown schematically in Fig. 10 .
The difference in the resistance in ferromagnets can be explained by the exchange split band structure. The scattering of the electrons depends on where the electron band crosses the Fermi [39] .
As mentioned above, commercial spin-valves have normally the CIP (Current in plane) geometry. This gives higher resistance and thus higher resistance difference between parallel and antiparallel spin orientations. Having the current in plane of the sandwich will qualitatively give the same effect as in . Fig. 10 GMR device, a thin normal metal spacer (N) separates two ferromagnets (F), t he current flows perpendicular to the  plane of the sample, N space can be filled by introduced (or grown) CNT, e.g. -metal-like.   Fig. 11 CIP spin-valve and equivalent resistor mode, separate channels are for minority and majority spins, the electrons scatter from one F layer to the other on the way through the sandwich. CPP devices. This situation is shown schematically in Fig. 12 . Electrons with minority and majority spins are treated separately. When the electrons flow through the sandwich they will scatter back and forth from the upper F layer to the lower one.
The perfect picture of the magnetically stimulated CVD process for growing CNTs can be presented as a CNT forest (Fig. 13) . Such a system of nanotubes can also be considered as a prototype of the magnetic memory, where ferromagnetic nanoparticles serve as cells of the magnetic memory -that is, ferromagnetic contacts are controlled by spin pulses, the transport of which is provided by nanotubes.
Conclusions
Electromagnetic properties of Pt-and Fe-CNT interconnects are considered from the point of view of mechanical stability and electrical efficiency. CNT-Fe interconnects are stronger mechanically. However, CNT-Pt interconnects having smaller resistances are more suitable electrically and more effective for various electronic nanodevices. The use of Pt-Fe nanoclusters during the CVD magnetically stimulated growth allows controlling with some limitation the diameter and chirality of growing CNTs. The diameter of nanoclusters defines the diameter of CNTs, while the angles of chiralities are correlated with the orientation of external permanent magnetic field.
Pt-Fe nanoclusters and CNTs composition is the prototype of the magnetic nanomemory devices. The magnetic efficiency depends on the stoichiometry coefficient x and the ordering of Pt-Fe atomic structure.
Chemically ordered Fe-Pt nanoparticles, where we meet the sequence of Pt and Fe layers, allows us to provide all possible predicted magnetic properties. In case of substitutional disorder, this advantage disappears and we should talk about the percolation phenomenon of Fe x Pt 1-x ferromagnetism via x alteration.
The CVD process of CNTs growth with the presence of Fe-Pt nanoparticles in the conditions of a strong magnetic field is a more orderly process.
Statistical dispersion of CNTs output according to the diameter is determined by a discrete number of effective bonds (especially in the case of small diameters of growing CNTs).
Here with the dependence of the number of the effective bonds, formed on the nanoparticle perimeter, on the chirality angle is the essential tool for the morphology control of the future CNT.
The balance factor of the thermal energy and magnetic energy in deposited nanoparticles of carbon atoms plays the decisive role in evaluating the dispersion of chirality angles in CNTs.
The morphology of the forthcoming growing CNT stimulated by the magnetic field is set when forming the perimeter of the CNT base and the character of the magnetic orientation in effective bonds.
We can consider CNT forest magnetically stimulated by the CVD process as a fragment of the magnetic nanomemory. CNT chirality in this case defines the efficiency of magnetic cells access (rates of exchange).
